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SENSOR

CONFIG
NUMBER

CR

PHII

PT

Q
RE

RHO
RUN

SAMPLE
POSITION

TAW
T

T

TC1i

NOMENCLATURE
Indicated pitch angle at lift-off, deg

Output of radiometer, mv

Sample number 1, 2, 3, or 4

Center of Rothtion, axial station along tunnel
centerline about which the wedge rotates, in.
Black: body emisaivity. at 530°R

Enthalpy based on stilling chamber total
temperature, Btu/lbm

Free~-stream Mach number

Coefficient of viscosit¥ based on free-stream
temperature, lbf-sec/ft

Free-stream static pressure, psia
Indicated roll angle, deg

Total pressure measured in the tunnel étilling
chamber, paia

Free-stream dynamic pressure, psi
Free-stream unit Reynolds number, ft-1
Free-stream density, 1bm/£t3

Data set identification number

0 or 180 degrees, 0 denotes small RSI tiles om

right side of wedge looking downstream, 180 deg-reversed

Adiabatic wall temperature, °R
Free-atream static temperature, °R

Total temperature measured in the tuunel stilling

chamber, °R

Output of thermocouple i on sample, °R

Measured reference temperature at connector, °R
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: TIMECL Time at which the wedge reached tunnel centerline,
{! CST
E AN TIMEEXP Time of exposure to the tunnel flow when data
: 2 ‘ were vecorded, sec
L
b TIMEEXPT Total exposure time for a RUN, sec
i P .
: [ TIMEINJ Elasped time from lift-off :to arrival at
: tunnel centerline, sec
t v Free-stream velocity, ft/sec
‘ WA Wedge angle with respect to free-stream, deg
; xx IR camera spectral response factor
[ € Fabric sample total emissivity
€5 Fabric sample spectral emissivity
{ A Wavelength, microns
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1.0 INTRODUCTION

The work reported herein was conducted by the Arrnold Engineering
Development Center (AEDC), Air Force Systems Command (AFSC), under
Program Element 921EQ1, Control Number 9E01-00-8, at the request of

‘the National Aeronautics and Space Administration (NASA), Johnson

Space Center (JSC), Houston, Tx, for the NASA, Ames Research Center
(ARC) , Mountain View, Ca. The NASA-JSC project monitor was lMr. Bill
Moseley (ES3) and the NASA-ARC project monitor was Mr. Howard Goldstein.
The results were obtained by ARO, Inc., AEDC Divisicn (a Sverdrup
Corporation Company), operating contractor for the AEDC, AFSC, Arnold
Alr Force Station, Tennessee. The test was conducted in the von Karman
Gas Dynamics Facility (VKF) Hypersonic Wind Tunnel (C) on April 4 and

5, 1979, under ARO Project No. V41C-56.

The test objectives were to determine the thermal response and
reusability of Advanced Flexible Resuable Surface Insulation (AFRSI)
materials. Sample materials were exposed to a controlled aerothermal
environment to obtain performance comparisons between AFRSI and ceramic
Resuable Surface Insulation (RSI) tiles.

The samples were exposed to a Mach 3.4 flow with a wedge static
pressure of 0.74 psia and a computed recovery temperatuve of 1982°R.
These conditions were obtained by inclining the wedge 25 deg to the
tunnel Mach 10 flow with a stagnation pressure of 1200 psia and total
temperature of 2150°R.

Inquiries to obtain copies of the test data should be directed to
Mr. Bill Mosely, ES3, NASA-JSC, Houston, Tx, 77058. A microfilm record
has been retained in the VKF at AEDC.

2.0 APPARATUS

2.1 TEST FACILITY

Tunnel C (Fig. 1) is a closed-circuit, hypersonic wind tunnel with
a Mach number 10 axisymmetric contoured nozzle and a 50-in.-diam test
section. The tunnel can be operated :ontinuously over a range of pres-
sure levels from 200 to 2000 psia with air supplied by the VKF main
compressor plant. Stagnation temperatures sufficient to avoid air
liquefaction in the test section (up to 2260°R) are obtained through the
use of a natural gas fired combustion heater in series with an electric
resistance heater. The entire tunnel (throat, nozzle, test section, and
diffuser) is cooled by integral, external water jackets. The tunnel is
equipped with a model injection system, which allows removal of the
model from the test section while the tunnel remains in operation. A
%escrip;ion of the tunnel may be found in the Test Facilities Handbook
Ref. 1).

2.2 TEST ARTICLE
Four (4) test articles were furnished by NASA/Ames, photographs of

which are presented in Fig. 2. These articles, or samples, were fabri-
cated at NASA/Ames and consisted of various combinations of flexible
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reusable surface insulation (FRSI) and ceramic reusable surface insula-
tion (RSI). Shown in Fig. 3 are planform sketches of the test articles
denoting the different combinations of insulation used on each sample.
Variations among the FRSI samples were the weight* of the fabric, the
weave of the quilting, and the edge formation. The RSI samples were of
different thickresses and had various silicon coa%tings applied tg their
surfaces. The specifice of these variations are beyond the scope of
this report, but may be cbtained *y inquiries directed to the NASA-ARC
personnel,

All samples were bonded to an 1/8-in. aluminum plate which in turn
was attached to a BakeliteVYplate of variable thicknese to maiutain a
total thickness of 1.50-in. Presentad in Fig. 4 are an installation
photograph and sketch of a2 sample wmounted on a steel wedge designed for
materials testing. Three rows of steel balls (0.078-in. diam) were
welded to the steel surface 3-in. aft of its leading edge to produce a
turbulent boundary-layer over the samples. From poior testing with this
wedge, it is known that a turbulent boundary-layer exists ahead of the
sample at wedge angles of 12 deg or greater.

2.3 TEST INSTRUMENTATION
2.3.1 Test Conditions

Tunnel C stilling chamber pressure is measured with a 500- or 2500-
psid tranasducer referenced to a near vacuum. Based on periodic compari-
sons with secondary standards, the accuracy (a bandwidth which includes
95-percent of the residuals, i.e. 20 deviation) of the tranaducers .s
estimated to be within :0.16 percent of pressure or :0.5 psi, whichaver
is greater, for the 500-psid range and 10.16 pexcent of pressure or $2.0
psi, whichever is greater, for the 2500-psid .gnge. Si}lling chamber
temperat.ure measurements are made with ChromeI®-Alumel® thermocouples
which have an uncertainty of %#(1.5°F 4+ 0.375 perczent of reading in °F).

2.3.2 Test Data

The sample instrumentation consisted of thermocouples (22 in samples
1, 3, and 4; 23 in sample 2) placed at positions of interest to evaluate
the thermal response. The thermocouples were ~¢ AWG #36 (0.005 in. diam)
platinum/platinum-rhodium (13%Z) material. The placement of these thermo-
couples in the samples are shown in Fig. 5. The precision of these ther-
mocouple measurements is :3 to 4 deg from room temperature to 1200°F.

Alao a user-supplied radiometer was set up to view a 0.5-in. diam
area of the sample surface about 2.8-in. back of the sample leading
edge and on the wedge centerline. This instrument recorded the totail
radiant heat flux emitted from the sample area and its output was re-
corded in millivoits. The precision of the recorded signal is esti-
mated to be $0.015 millivolts.

The VKF infrared aystem was usad to map the aample surface tem-
perature. The system utilizes an AGA Thermovision¥ 680 camera which
scans at a rate of 16 frames per second. The carera detector is aen-
sitive to infrared radiation in the 2 to 6 micron wavelength band.
Camera calibrations are performed with a atandard hlack body reference
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source and have consistantly been within %! percent of the camera

nanufactuer's calibration and are repeatable within 21 percent in

absolute temperature. A description of the VKF system is given in
Ref., 2.

The output of the IR camera was displayed on a color TV monicor iu
real time and at selected times the monitor was photographed with a 70mm
color still camera.

Sixteen mm color movies were taken ¢f the samples intermittently
during the run and shadowgraphs were taken after the samples reached the
tunnel centerline and at selected wedge angles to record the flowfield
characteristics.

3.0 TEST DESCRIPTION
3.1 TEST CONDITIONS AND PROCEDURES
3.1.1 Gereral

The test was conducted at a nominal Mach number of 10 and the stream
conditions were maintained at appryuximately the values listed below.

PT, Q P 6, N ¥ TAW. , °R
M psia TT, °R psia psia RE x 10 "/ft "w psia w’
10.14 1200 2150 1.75 0.024 1.18 3.4 0.74 1982.0

A test summary showing all configurations tested and the variablﬁl
for each is presented in Table 1,

In the VKF continuous flow wind tunnels {A, B, C), the model is
mounted on a sting support mechanism in an inatallation tank directly
undernaath the tunnel test section. The tank is separated from the
tunnel by a pair of fairing doors and a safety door. When closed, the
fairing doore, except for a siot for the pitch sector, cover the open-
ing to the tark and the safety door seals the tunnel from the tank area.
After the model is prepared for a data run, the personnel access door
to the instalilation tank is closed, the tank is vented to the tunnel
flow, the safety and fairing doors are opened, and the model is injected
into the airstream, and the fairing doora are closed. After the date
are obtained, the model is retracted into the tank and the seqguence is
reversed with the tank being vented tc atmosphere to allow access to the
model in preparation for the rext run. The sequeuce is repeated for each
configuration change.

3.1.2 Data Acquisition

.The procedure for obtaining the teat measurementa changed during the
progresa ol the test. Initially ther: was concern for the survivadility
of the cloth samples at wedge angles as large as 25 de«g; hence, the wedge
was Injected at zero pitch and rotatad to 25 deg, obsexrving the sampie
(#3 was used) for any indication of failure, and reversing the procedure
for retraction. No indications of failure were observed. Next the sample
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was injected and retracted at 25 deg and again observed for indications

‘ of failure. No problems were encountered during injection but on retrac-

o’ tion the top layer of the cloth sample was blown away (see Fig. 6(a)).

: it appears the turbulence encountered during retraction through the
tunnel wall boundary layer at such a large angle was too severe. A
poasibie explanation ¢f the absence of failure during injection through

“the same turbulence is that the increased fabric temperature decreased
its strength prior to retraction. Consequently, the initial procedure
described above was adopted for the remainder of the test.

The samples were exposed to the flow for 10 minutes each time they
were injected. The output of all the instiumentation was recorded every
" 0.5 sec until the wedge reached the 25 deg pitch angle, then data were
recorded every 5 sec for the -—emainder of the run. The IR system TV
monitor was observed, and when the sample surface temperature showed
approximately 1200°F a 70mm photograph was taken. Another photograph
was taken just prior to retractionm.

e DA RS W PAAR S b BT AR
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The samples were observed directly during exposure, and whenever
any unusual circumstances deveioped (fabric teirs or loose tiles) the
16mm movie camera was used to record the events. In addition, the in-
jection cycle of each run was recorded on 16mm film.

After retraction, the sample was cooled by a tank door nozzle and
; adjustable mainfolds on each side using high pressure air. Also the
! , : sample support wedge has internal water cooling passages which aided
- in cooling the sample. Whenever the sample aluminum support plate
cooled to 150°F, the sample was injected for another run or replaced
1 by another sample. Any damage to the sai.ples was photographed using
¥ : a8 70mm camera prior to continued testing (see Fig. 6(b)).

Each exposure is termed a run and all the data obtained are iden-
tified in the data tabulations by run number. The sample tested during
i each run is listed in Table 1.

il ol

3.2 DATA REDUCTION

The tabulated data for each run includes a listing of tunnel con-
ditions and sample information necessary to use the data. Beneath this
: 1i:ting the sample temperatures and radiometer outpu:t are listed at
3 ‘ selected times. The wedge angle is included in this listing to document

: its variation with time. A description of the computation procedures
used to produce the data follows.

TR YTy
et sk i
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3.2.1 IR System Photographis of Sample Surface Temperature

The calibration of the IR system itself is detailed in Ref. 2 and
the only other information required to obtain the sample sucface tem-
perature is the surface emissivity.
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A representive sample of the fabric insulation vas examined to deter-
mine its emissivity over the range of 3 to 6 microns. The results are
presented in Fig. 7. The sample total emissivity was computed by the

equation

€, X, dA
AIA, A ebA A

€= - )
Ii *, X, dA

vhere

€ = is the sample spectral emigsivity from ¥Fig. 7 at 530°R

ebx = {is the biack body spectral emissivity at 530°R

XA = 18 the IR camera spectral response factor

obtained from AGA data.
Both e and ey * Xk variations with wavelength over the range of
A A

interest are presented in Fig. 8(a) and ) * ey * XA variations are
A
shown in Fig. 8(b). The values of the integrals are shown in the figures;
from these the sample total emissivity was computed to be 0.62. For this
emigsivity, the color calibration with temperature for the photographs off

the IR system TV monitor is listed in Table 2.

3.2.2 Sample Temperatures

Because the VKF thermocouple hookup network does not include pro-
visions for platinum/platinum-rhodium (13X) thermocouples and the expense
of platinum wire, the thermocouple leads were only about 12-in. long and
terminated at a 50-pin connector inside the wedge support. Copper leads
were used from the other side of the connector to the instrumentation.

The output of the sample thermocouples was dependent upon the connector
temperature with this type hookup; hence, two positions on the connectcr
were used to measure the connector (reference) temperature using ChtomelGL
Alumel™ thermocouple wire. The reference temperatures were measured

with direct-readout instruments in °F.

The total output of each sample thermocouple was computed by first
calculating the equivalent platinum millivolt output of the reference
thermocouple using the following equation

Ey = 0.42282 + (2.66830 x 1073) TR (2)

+ (6.49139 x 10°%) @r1? - (3.50748 x 107%) (1R1)3

+ (1.40615 x 10~ 12 ~r1)®

where
ER ®* equivelent millivolt output of a platinum thermocouple

at temperature TR1




> s TR1 = measured reference temperature in °F

A “second reference temparature (TR2) was used as a redundant measure-
ment. The refarence millivolts (RR)wureaddcd to the output of each
platinum thermocouple (BK) to obtain the total millivolts output of
each thermocouple (R, .). ' The temperature for each platinum thermo-
couple was then conpugcd from the equation

A pEeSTTIIY O T o LT

TCL = AD + A1 (Epe,) + A2(By ) + oov + ANGEp OV 3

L At
- = -

vhere the coeffi:ients A0, ..., AN are determined from the following table

W TR WY, T

Range of
- Epcy, W A0 Al A2 A3 Ab AS

! i —O.422$ETC§1.175 591,727 270.981 -11.8644 53.7323 -37.7430 11.9930

! : 1.17§5ETC$5.604 605.398 234.610 -17.7323 2.18924 -0.122826 -—
]
' 5.6OQSETC§J1.024 657.117 192,452 -3.8197 0.0687992 - -—

and 1 denotes the TC number.

The connector reference temperatures (TR1 and TR2) as wall as the
output of the Ames radiometer were printed out as measured.

3.3 UNCERTAINTY OF MEASUREMENTS

3.3.1 General

The accuracy of the basic measurements (PT and TT) was discuss-s. in i

Section 2.3. Basad on repeat calibrations, these errors were foad to 1
be

= 0.0016 = 0.16%, 3XX « 0.004 = 0.4% ;

APT
PT T

Uncertainties in the tunnel free-gtream parameters and the model j
temp ‘ratures were estimated using the Teylor series method
of error propagation, Eq. (4),

2 2 2 2
wn? - (g_fc'; 1) + (g{‘; sz) + (-g;_a “3) et ('g{’ Axn" 4
 “n!
[

vhere AF is the absolute uncertainty in the dependent parameter :
F= f(x1, x2. x3 vas xh) and xn are the independent parameters (or basic '

measurements). Axn are the uncertainties (errors) in the independent
measurements {(or variables).
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3.3.2 Test Conditions

The accuracy (bascd on 20 deviation) of the basic tunnel parameters,
PT and TT, (see Section 2.3) and the 20 deviation in Mach number deter-
mined from test section flow calibrations were used to estimate uncer-
tainties in the other free-stream properties using Eq. (1). The computed
uncertainties in the tunnel free-stream conditions are summarized in the
following table.

Uncertainty, (&) perceat of actual value

M M L o RE

10.14 1.0 ' 5.3 3.7 2.3
The uncertainty of the wedge angle is estimated to be $0.1 deg.

3.3.3 Test Data

The uncertainties of the test data parameters are summarized in the
following table

Data Type Uncertainty, (*) percent of actual value
IR Color Interface 1.60
Temperature
Ames Radiometer Output 0.14
Sample Temperature @ 1660°R 0.35
BReference Temperature @ 575°R 0.67

4.0 DATA PACKAGE PRESENTATION

Tabulated results and plotted data were furnished to the test sponsor
... 1o a Data Package. Samples of these data are presented in Appendix III.

Some of the sample temperature variations with time shown in the
plots are due to the wedge angle variations with time. Therefore, as
an aid to the interpretation of the plots shown herein, the wedge
angle variation for run 26 is included with the data plots. The wedge
angle variations for each run are listed on the tabulated data.
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Color Bar Temperature Calibration
(from Table 2), ©R

3. Typical IR Photograph of Surface Temperature
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